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論 文 内 容 要 旨          
Replacement of fossil fuel by clean hydrogen (H2) energy and carbon dioxide (CO2) storage have been regarded 
as the most promising methods to develop a low-carbon sustainable society. However, H2 production processes 
usually emit CO2, and CO2 storage processes are unprofitable while CO2 cannot be efficiently utilized. Peridotite 
is the dominant ultramafic rock of the upper part of the Earth’s mantle and also abundant in crust. The alteration 
of peridotite under hydrothermal conditions is a promising way for H2 production through the oxidation of Fe(II) 
it contains. For another, carbonation of peridotite, especially in high concentration HCO3- solutions, has attracted 
increasing attention for permanent CO2 storage. Therefore, in this study, a new system combining the strategies of 
H2 production and CO2 storage through 
peridotite hydrothermal alteration in CO2-
rich environment was proposed (Fig. 1). 
The primary objective of this study is to 
explore a novel CO2 emission-free H2 
production approach with the utilization 
and storage of CO2 by enhanced peridotite 
hydrothermal alteration. 
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Fig. 1. The concept of simultaneous H2 production and CO2 
utilization/storage based on peridotite alteration. 
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Olivine [(Mg,Fe)2SiO4], the dominant mineral in peridotite, was used to study the feasibility of simultaneous 
H2 production and CO2 storage during its alteration. All the hydrothermal experiments were conducted in lab-scale 
using a closed batch reactor (Fig. 1). The experimental results suggested that H2 generation can be drastically 
enhanced via olivine alteration in environments with high HCO3- concentrations (e.g., 0.5-1.0 mol/L), moderate 
temperatures (270-300 °C, Fig. 2), neutral pH (≤ 9.3) and high water/rock (w/r) ratio. The HCO3- after being 
efficiently utilized to promote olivine alteration and H2 production was stored in magnesite or converted to 
HCOOH. The enhanced H2 production was attributed to the acceleration on olivine dissolution, accompanied with 
inhibited Fe(II) incorporation in mainly serpentine. A novel chemical equation of H2O-olivine-CO2 reaction in 
environment with ≥ 0.5 mol/L HCO3- was approximately expressed as below. 
(Mg0.90Fe0.10)2SiO4 + m H2O + (b+f) HCO3- + n H+ → a (Mg,Fe2+)3-0.5βFe3+βSi2-0.5βO5(OH)4 
  olivine                                                                                       serpentine 
+ b (Mg,Fe)CO3 + d Fe3O4 + (1-2a) SiO2 + e H2 + f HCOOH + p Mg2+
   magnesite     magnetite 
To clarify the possibility of using peridotite as the raw material for H2 production with CO2 utilization/storage, 
the influences of the most common coexisting minerals with olivine in peridotite (i.e., pyroxenes and spinel) were 
clarified by performing the H2O-olivine+orthopyroxene-CO2 and H2O-Mg-Al spinel-CO2 hydrothermal reactions. 
The results suggested that SiO2(aq) released from orthopyroxene and Al released from Mg-Al spinel greatly control 
of H2 production pathways, rate, and CO2 storage rates. The role of orthopyroxene and Mg-Al spinel also changed 





































































































Fig. 2. H2 and HCOOH yields, and magnesite 
formation in 72 h at 225-300 °C. 
Fig. 1. Schematic diagram of the experimental set-up. 
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with the reaction time. At the beginning, the presence of either orthopyroxene or Mg-Al spinel enhanced olivine 
serpentinization with the incorporation of more Fe(II) in serpentine (Fig. 3). With the reaction proceeded, Fe(II) 
was released from serpentine (Fig. 4) to form magnetite and H2. The presence of orthopyroxene and Mg-Al spinel 
has the potential to accelerate H2 production without significant influence on the total H2 yield over the entire 
operation period, but the mineralization of CO2 could not be enhanced. In general, peridotite contains ≤ 20 wt% 
orthopyroxene or ≥ 10 wt% Mg-Al spinel is more suitable for H2 production than monomineralic olivine. 
According to the experimental results, two large-scale H2 production systems based on peridotite alteration 
were proposed. One is named “Abandoned mine-based Multi-step hydrothermal H2 production with CO2 storage 
(AMCH) system”, with the utilization of geothermal or waste heat with temperature ≤ 573 K. This kind of system 
was suggested to be further self-heated using the heat generated during peridotite alteration with the utilization of 
abandoned mines as huge georeactors. 
Another one is named “Replaceable 
Single-step hydrothermal H2 production 
with CO2 storage (RSHC) system”, aims 
at using geothermal or waste heat with 
temperature > 573 K in an artificially 
































Fig. 3. H2 and HCOOH yields, and magnesite formation 
in 72 h at 225-300 °C. 
Al molar content in serpentine ()








































Value of each point
Fig. 4. Al and Fe molar contents in serpentine formed in 
experiment with 10 wt% Mg-Al spinel at 24 and 72 h. 
Fig. 4. Schematic diagram of a possible AMHC system. 
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advantages of negative CO2 emissions, moderate energy efficiencies and costs. Thus, both systems were suggested 
to be included in the promising H2 production toolbox to create a green H2 production network with a high 
resilience.  
In overall, this thesis has both academic and social significance. (1) It first developed the H2 production by 
rock hydrothermal alteration from natural phenomena to practical technology; rocks are experimentally found to 
be promising raw materials for not only CO2 storage but also H2 production. (2) The thesis potentially contributes 
to low-carbon society development by providing a negative CO2-emission H2 production method. (3) CO2 can be 
efficiently used before being mineralized, this process has potential contribution to the conventional CO2 storage 
technologies. This thesis is a fundamental study of an efficient technique to combat the challenges of both energy 
crisis and global warming.   
（別紙）
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論文審査結果の要旨




  第二章では、カンラン石[(Mg,Fe)2SiO4]（カンラン岩の主要鉱物成分）を用いて、水素製造と CO2利用および貯留
を同時に達成できる実現可能性を検証した。その結果、様々なCO2濃度、温度、pH、水/鉱物量比、鉱物粒径および
反応時間の組合せ条件下における水素製造と CO2 利用及び貯蔵は制御可能であることを解明した。また、高温・高
HCO3-濃度条件において水素生成量は飛躍的に増大するとともに，反応された HCO3-により MgCO3あるいはギ酸が
形成されることを実験的に確認した。更に、カンラン石の転換率、反応経路および様々な条件下における鉄の反応
機構を明らかにした。 
 第三章では、カンラン岩に含まれるカンラン石以外の鉱物である輝石およびスピネルを対象として、H2O-カンラ
ン石-CO2 反応に対する影響に関して実験的な検討を行った。その結果、輝石またはスピネルを含有するカンラン岩
も水素製造の原材料として利用できることを明らかにし、更に、20 wt%以下輝石または10 wt%以上スピネルを含有
するカンラン岩は、純カンラン石より水素製造に適合することが示された。輝石あるいはスピネルが存在する場合
には、水素生成において二段階の鉄酸化反応が発生し、まずはFe(II)ベアリング蛇紋石が生成され、その後は分解し
て水素を生成することが明らかとなった。 
  第四章では、第二章、第三章の実験結果に基づいて、2つの実大規模の水素製造並びにCO2貯留法を提案し、地熱
または工業廃熱を熱源として目的を達成できることを示した。また、環境社会的な影響評価手法を用いて解析した
結果、本論文で提案した新たな水素製造方法は CO2 ネガティブエミッションを実現可能であり、コスト、エネルギ
ー効率および安定性面に優位性が高いことを実証することができた。 
第五章は結論である。各章における研究成果を総括するとともに、本研究の目的に沿った結論について述べた。
本論文では、基礎的な実験およびデータ解析を通じて、CO2ネガティブエミッションの水素製造法を新規に提案し、
これを社会実装することで低炭素社会の実現に向けた技術基盤を確立した。この研究成果は、先進社会における新
規のエネルギー創生および二酸化炭素の貯留・利用を展開するうえで、きわめて有益な示唆を与えるものである。
また、環境科学、地球化学およびエネルギー科学の学術分野において著しい進展が期待できる。 
 よって、本論文は博士(環境科学)の学位論文として合格と認める。 
